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ABSTRACT
Glitches are common phenomena in pulsars. After each glitch, there is often
a permanent increase in the pulsar’s spin-down rate. Therefore a pulsar’s present
spin-down rate may be much higher than its initial value and the characteristic
age of a pulsar based on its present spin-down rate and period may be shorter
than than its true age. At the same time, the permanent increase of its spin-
down rate implies that the pulsar’s surface magnetic field is increased after each
glitch. Consequently after many glitches some radio pulsars may evolve into the
magnetars, i.e., strongly magnetized and slowly rotating neutron stars.
Subject headings: pulsars: general—pulsars: individual (PSR B1757-24, Crab,
Vela, AXP, SGR)
1. Introduction
Pulsars are now accepted to be rapidly rotating and highly magnetized neutron stars.
The surface magnetic field of a neutron star may be estimated from the observed period and
period derivative, i.e., B ≈ 3.3 × 1019
√
PP˙ (G), if we assume that the pulsar’s spin-down
energy is overwhelmingly consumed by magnetic dipole radiation, the so-called magnetic-
braking model (Pacini 1968).
By the same method, we can also find a distinctive group of pulsars with very high
magnetic fields (1014- 1015 G) in the pulsars’ P - B relation diagram. These pulsars so
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called magnetars because of their extremely high magnetic fields. Observationally these
pulsars may appear as Soft Gamma-ray Repeaters (SGRs) and Anomalous X-ray Pulsars
(AXPs), in which the steady X-ray luminosity is powered by consuming their magnetic
field decay energy (Duncan & Thompson 1992; Paczynski 1992; Kouveliotou et al. 1998;
Thompson & Duncan 1996; Hurley 2000). The magnetic field decay also heats the neutron
star surface that emits thermal radiation in the X-ray band (Thompson & Duncan 1996).
Thus AXPs and SGRs are a small class of pulsars with long periods (5 - 12 s), high spin-
down rates and soft X-ray spectra (see Mereghetti 1999 for a comprehensive review). The
AXPs and SGRs have young spin-down ages of 103 - 105 years. Some of them are claimed to
be associated with some young supernova remnants (typically 103 - 104 years old), showing
that they may be young pulsars; however the association of these cases are still controversial
(Gaensler et al. 2001; Duncan 2002).
In the standard model, pulsars are born with significantly different parameters, and the
magnetic fields of typical radio pulsars remain constant or decay slowly during their lifetimes.
Thus the radio pulsars will evolve into an “island” which gathers most of the old pulsars. For
the magnetars, very high initial dipole fields are required to slow-down the neutron star to
the presently long periods within a relatively short time ( 104 yrs) when they still have very
high magnetic fields. Therefore both the beginning and the ending of typical radio pulsars
and the magnetars are very different.
However if we simply assume that all pulsars were born with similar initial parameters
and their surface magnetic fields did not change or decay slightly during their subsequent
spin-down lives, all observed pulsars should show an overall anti-correlation between their
period and spin-down rate. However, in Fig.1, the pulsars (including AXPs and SGRs)
with longer spin periods tend to have higher surface magnetic field, as inferred from B ≈
3.3× 1019
√
PP˙ . Therefore we are forced to the conclusion that either all pulsars were born
significantly differently, or they were born similarly but their surface magnetic fields have
been increased during their spin-down lives, resulting in a positive correlation between their
surface magnetic fields and spin periods.
Despite of their distinctive features, AXPs and SGRs shows many similarities with
typical radio pulsars, including the properties of glitches. Pulsar glitches (sudden frequency
jumps of a magnitude ∆Ω
Ω
∼ 10−9 to 10−6, accompanied by the jumps of the spin-down rate
with a of magnitude ∆Ω˙
Ω˙
∼ 10−3 to 10−2) are a common phenomenon. A relaxation usually
happens after a glitch. However neither the period nor the spin-down rate rate are completely
recovered. For example, both the Crab pulsar and the Vela pulsar were found to have a slow
increase in their spin-down rates and thus magnetic field increase during the last tens of
years (Smith 1999). Observations show that the glitches happened in the AXPs might cause
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the huge permanent changes to their spin- down rates (Osso et al. 2003; Kaspi et al. 2003).
This “unhealed change” in the spin-down rate might be due to the expelled magnetic field
from the core to the surface after each glitch, increasing the surface magnetic field of a
pulsar (Ruderman et al. 1998). The model of Ruderman et al. (1998) predicts a certain
relation between the glitch rate and the spin-down age for a pulsar. Therefore with the
observed glitch parameters and the glitch rate, the long term evolutions of pulsars caused
by pulsars’ glitches can be calculated. The similarities between AXPs, SGRs and typical
radio pulsars make it reasonable to consider the possibility for some typical radio pulsars
to evolve to the magnetars, while most other radio pulsars evolve to the “island”. In light
of the discovery of some normal radio pulsars with long periods and high magnetic fields
(comparable to the magnetars) in the Parkes multibeam pulsar survey (Hobbs et al. 2004), it
is natural to consider the intrinsic connections between the magnetars and the radio pulsars
(especially those with high magnetic field) as an alternative to the previously proposed model
(Zhang & Harding 2000).
2. Long term evolution of pulsars caused by glitches
In the magnetic-braking model, assuming that the initial period of a pulsar is much
smaller than its present value, a pulsar’s age may be estimated by its characteristic spin-
down age Ts =
P
(n−1)P˙
, where n is the braking index and for the dipole radiation n = 3.
However for some pulsars, their characteristic ages are much shorter than the ages of the
associated supernova remnants. A famous example is PSR B1757-24, a typical radio pulsar
with P = 0.125 s and P˙ = 1.28×10−13 s s−1, its characteristic age is 16000 yrs for the braking
index n = 3. However the associated supernova remnant SNR G5.4-1.2 is believed to be
produced between 39000 to 170000 yrs ago (Frail & Kulkarni 1991; Gaensler & Frail 2000;
Manchester et al. 2002). This pulsar was reported to have a very small proper motion in
this sky (Thorsett et al. 2002), indicating that either this pulsar should be very old and its
magnetic field increased in its history (Thorsett et al. 2002), or this association is wrong.
Recently there are some other models supporting the PSR B1757-24 and G5.4-1.2 association
(Gvaramadze 2004).
Therefore discrepancy between the spin-down age and associated supernova age for PSR
B1757-24 appears to be real. This large discrepancy can not be explained by simply involving
a smaller braking index, which in this case would require n<1.2, in contrast to the smallest
braking index of n=1.4 (for the Vela pulsar) ever known for all pulsars. However, implied
from the measured Ω, Ω˙ and Ω¨ of this pulsar, the braking index for PSR B1757-24 is 3− 30
(Lyne et al. 1996). A fall-back disk model was proposed to explain the age discrepancy
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(Marsden et al. 2001; Shi & Xu 2003). However a pulsar in a propeller phase should pro-
duce a dim thermal x-ray emission, contrary to the observed bright non-thermal emission
which is consistent with the standard magnetospheric emission model (Kaspi et al. 2001).
Alternatively, the pulsar glitches may be the source of the above age discrepancy. Usually
after a glitch, both the period and the spin-down rate of the pulsar are changed, though the
period change is usually negligible. However the accumulated increase in the spin-down rate
after many glitches will cause a underestimation to the pulsar’s age.
The possibility for the magnetic growth (Blandford et al. 1983) and to reconcile the
age discrepancy of some pulsars by the magnetic field growth (Chanmugam et al. 1995) or
pulsars’ glitches (Marshall et al. 2004) have been discussed previously. With the data of the
observed glitch parameters of some pulsars, we can do quantitatively more detailed calcula-
tions. In this work we investigate the roles of pulsar’s glitches in the long term evolution of
pulsars, in order to explain the observed positive correlation between pulsars’ surface mag-
netic fields and their periods, and the large discrepancy between pulsars’ characteristic ages
and their associated supernova remnants.
We take PSR B1757-24 as an example to illustrate the long term evolutionary effects
caused by pulsars’ glitches. A giant glitch in PSR B1757-24 was reported (Lyne et al. 1996).
The long-term post-glitch relaxation fit shows that ∆P˙p
P˙
≈ 0.0037, where ∆P˙p is the perma-
nent change to P˙ after the glitch. Based on the observational fact that different pulsars have
on the average distinctive ∆P˙p
P˙
, it is not unreasonable to assume that similar giant glitches
have happened repeatedly in the history of PSR B1757-24, therefore we can describe its
spin-down history by the following three equations:
P − P0 =
∫ τ
0
P˙ (t)dt =
∑∫ τn
0
P˙n(t)dt. (1)
where τn is the interval between two adjacent glitches. The previous observations indicate
that the glitch activity may be negatively related to the pulsar’s spin-down age except for
the youngest pulsars such as the Crab pulsar (Lyne et al. 1995). Both this relation and the
exception can be well explained by a theoretical work in which τn ∝
P
P˙
∝ Ts for a pulsar
(Ruderman et al. 1998). We adopt this relation in our calculations. Assuming that between
two adjacent glitches, the surface magnetic field of the pulsar remains constant, we have
P˙n(t)Pn(t) = Constn (2)
For PSR B1757-24 we assume the following relationship is true for every glitch:
P˙n+1(τn) = αP˙n(0), (3)
where α = 1.0037 for PSR B1757-24.
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Taking its present values of P = 0.125 s and P˙n = 1.28 × 10
−13 s s−1 and assuming
that its true age is τ = 105 yrs and its initial period is P0 = 10 ms, we get n = 1495 from
the above equations and its initial surface magnetic field is about 2.6 × 1011 Gauss. We
can also estimate that its glitch rate would be about once per 3.4 years when it was 1000
years old, similar with the observed glitch rate for the Crab pulsar. If we assume that future
glitch rate for PSR B1757-24 will continue to follow this pattern, then after 2 × 105 years,
its characteristics will be similar to AXPs as shown in Fig.1. Assuming that all pulsars were
born with the same surface magnetic field and spin period, but different glitch properties,
their different evolutionary paths are also shown in Fig.1 for different values of ∆P˙p
P˙
. The
equal-age lines are also shown in the figure, in contrast to the characteristic ages of pulsars
based simply on their present day period and spin-down rate without taking into account
of pulsar glitches. Under the same assumption, in Fig.2 we show the estimated ages for the
pulsars with given P and P˙ .
3. Conclusions and discussion
Based on our results presented above, we have the following conclusions and remarks:
(1) Pulsar glitches, especially the permanent changes to their spin-down rates, are im-
portant for the long term evolutions of pulsars. The previous evolutionary history and future
“fate” of a pulsar may be calculated within the frame work of the magnetic-braking model,
if its glitch properties are known.
(2) If we assume all pulsars were born similarly, then the positive P −B correlation may
be explained naturally. However any slight differences in the initial conditions for different
pulsars may cause a large uncertainties for their age estimates when pulsars are younger
than 105 years , as seen in Fig.1 and Fig.2; the age estimated from our model is reliable only
for those pulsars older than 105 years, such as PSR B1757-24.
(3) Our model suggests that some radio pulsars, such as PSR B1757-24 and other pulsars
which exhibit large values of ∆P˙p
P˙
and are thus along similar evolutionary paths shown in
Fig. 1, may eventually evolve into AXPs and SGRs within 105 to 106 years after their
birth, contrary to the classical “magnetar” model in which they are very young neutron
stars born with very high magnetic fields (Duncan & Thompson 1992). Our model requires
that AXPs and SGRs have glitches with large values of ∆P˙p
P˙
and a glitch rate of once per
several years; this is consistent with the observed glitch properties of AXPs (Osso et al. 2003;
Kaspi et al. 2003). However, if the associations of young SNRs with some magnetars are true
(however see (Gaensler et al. 2001) for arguments against the associations), we can not rule
– 6 –
out the possibility that some magnetars might be born with ultra-high magnetic field, or
their glitch histories are significantly different from known radio pulsars.
(4) In our model, the small number of known magnetars compared to “regular” radio
pulsars requires their progenitors should also be rare. This is roughly consistent with the
small number of pulsars along the evolutionary paths leading to the magnetars, as can be
seen in Fig.1. Since the values of ∆P˙p
P˙
decide the pulsars’ fates, we can estimate the expected
percentage of magnetars with Fig.1. In Fig.1, only the pulsars with ∆P˙p
P˙
> 0.0028 would
evolve to the magnetars. So among all these isolated pulsars in this diagram, 4.6% of them
will evolve into magnetars. In the P-B diagram, there is an observational region for the AXPs
and the SGRs. Estimation based on our model shows that the time scale for the pulsars to go
through this region is 1.5×104 yrs and the total lifetime (from the initial point we set in our
model to the end of the magnetar phase) for PSR B1757-24 is 2× 105 yrs. Therefore, under
the assumption of a uniform pulsar birth rate over time, for the pulsars that will evolve into
magnetars, around 7.5% of their lives will be in the magnetar phase. Currently it is difficult
to compare accurately the expected number of magnetars with known magnetars, because
the samples for both radio pulsars along the evolutionary path and magnetars may be quite
incomplete.
(5) Our model does not include the long term magnetic field decay (MFD) of pulsars
(Gunn & Ostriker 1970). However for pulsars with active glitches, the magnetic field in-
crease by glitches overwhelms the slow magnetic field decay. In the case that the significant
magnetic field decay is inevitable such as the magnetars whose X-ray emission is believed
to be powered by the magnetic field decay energy, our model infers a time scale of only
3× 104 years for the magnetic field to increase from 1014 Gauss to 1015 Gauss. In contrast,
the estimated time scale of MFD (induced by the Hall cascade) from 1014 Gauss to 1013
Gauss is 105 years, and it takes more than 107 years for the same amount of decay driven
by ambipolar diffusion (Colpi et al. 2000). A more realistic model for pulsars with “weak”
glitch properties should also include the long term magnetic field decay process. We will
investigate this in the future.
(6) In Fig.2 the ages are estimated for most pulsars according to their period and period
derivative by equations (1), (2) and (3). These predictions may be tested with future pulsar
and SNR observations.
(7) Finally we should mention that since our model does not assume different radiation
mechanisms for all pulsars, the birth and death lines for pulsars remain unchanged.
Acknowledgement: We thank Drs. Zigao Dai, Yang Chen, Renxin Xu and Guojun
Qiao for valuable comments to the manuscript. We also thank the anonymous referee whose
– 7 –
comments allowed us to clarify several points and improve the readability of the manuscript
substantially. This study is supported in part by the Special Funds for Major State Basic
Research Projects (10233010) and by the National Natural Science Foundation of China.
SNZ also acknowledges supports by NASA’s Marshall Space Flight Center and through
NASA’s Long Term Space Astrophysics Program.
REFERENCES
Blandford, R. D., Applegate, J. H., & Hernquist, L. MNRAS, 204, 1025 1983
Chanmugam, G., Rajasekhar, A. & Young, E. J. MNRAS, 276, L21 1995
Chen, K. & Ruderman, M. Astrophys. J., 402, 264 1993
Colpi, M., Geppert, U. & Page, D. Astrophys. J., 529, L29 2000
Duncan, R. C. & Thompson, C. Astrophys. J., 392, L9 1992
Duncan, R. C. in Proc. Miniworkshop on Soft Gamma Repeaters and Anomalous X-ray
Pulsars, Rome, eds. M.Feroci & S.Mereghetti, Mem. S.A.It. 2002
Frail, D. A, & Kulkarni, S. R. Nature, 352, 785 1991
Gaensler, B. M. & Frail, D. A. Nature, 406, 158 2000
Gaensler, B. M., Slane, P. O., Gotthelf, E. V. & Vasisht, G. Astrophys. J., 559, 963 2001
Gotthelf, E. V. & Vasisht, G. Astrophys. J., 486, L133 1997
Gunn, J. E., & Ostriker, J. P. Astrophys. J., 160, 979 1970
Gvaramadze, V. V. A&A, 415, 1073 2004
Hobbs, G., Faulkner, A., Stairs, I. H., Camilo, F., Manchester, R. N., Lyne, A. G., Kramer,
M., D’Amico, N., Kaspi, V. M., Possenti, A., McLaughlin, M. A., Lorimer, D. R.,
Burgay, M., Joshi, B. C. & Crawford, F., MNRAS, 352, 1439 (2004)
Hurley, K., in AIP Conf. Proc. 526, Fifth Huntsville Symp. on Gamma-Ray Bursts, ed. R.
M. Kippen, R. S. Mallozzi, & G. J. Fishman (New York:AIP), 763
Illarionov, A. F., & Sunyaev, R. A. A & A, 39, 185 1975
Kaspi, V. M., Gotthelf, E. V., Gaensler, B. M. & Lyutikov, M. Astrophys. J., 562, L63 2001
– 8 –
Kaspi, V. M. Gavriil, F. P., Woods, P. M., Jensen, J. B., Roberts, M. S. E., & Chakrabarty,
D. Astrophys. J., 588, L93 2003
Kouveliotou, C., Dieters, S., Strohmayer, T., van Paradijs, J., Fishman, G. J., Meegan, C.
A., Hurley, K., Kommers, J., Smith, I., Frail, D., & Murakami, T. Nature, 393, 235
1998
Lyne, A. G., Pritchard, R. S. & Shemar, S. L. J. Astrophys. Astron., 16, 179 1995
Lyne, A. G., Kaspi, V. M., Bailes, M., Manchester, R. N., Taylor, H. & Arzoumanian, Z.
MNRAS, 281, L14 1996
Manchester, R. N., Bell, J. F., Camilo, F., Kramer, M., Lyne, A. G., Hobbs, G. B., Joshi,
B. C., Crawford, F., D’Amico, N., Possenti, A., Kaspi, V. M. & Stairs, I. H., Young
Pulsars from the Parkes Multibeam Pulsar Survey and their Associations. Neutron
Stars in Supernova Remnants, 31, eds Slane, P. O. & Gaensler, B. M., Astronomical
Society of the Pacific, San Francisco 2002
Marsden, D., Lingenfelter, R. E. & Rothschild, R. E. Astrophys. J., 547, L45 2001
Marsden, D. & White, N. E., Astrophys. J., 551, L155 2001
Marshall, F. E., Gotthelf, E. V., Middleditch, J., Wang, Q. D. & Zhang, W. Astrophys. J.,
603, 682 2004
Menou, K., Esin, A. A., Narayan, R., Garcia, M. R., Lasota, J.-P., & McClintock, J. E.
Astrophys. J., 520, 276 1999
Mereghetti, S. invited review presented at NATO ASI, The Neutron Star-Black Hole Con-
nection (Elounda, Crete) (astro-ph/9911252) 1999
Osso, S. D., Israel, G. L., Stella, L., Possenti, A. & Perozzi, E. Astrophys. J., 599, 485 2003
Pacini, F. Nature, 219, 145 1968
Paczynski, B., Acta Astron., 42, 145
Rho, J. & Petre, R. Astrophys. J., 484, 828 1997
Ruderman, M., Zhu, T. & Chen, K. Astrophys. J., 492, 267 1998
Shi, Y., & Xu, R. X, Astrophys. J., 596, L75 2003
– 9 –
Smith, F. G. Pulsar Timing, General Relativity and the Internal Structure of Neutron Stars,
Published by Koninklijke Nederlandse Akademie van Wetenschappen, Amsterdam,
The Netherlands, P. 151. 1999
Thompson C. & Duncan R.C. Astrophys. J., 473, 322, 1996
Thorsett, S. E., Brisken, W. F. & Goss, W. M. Astrophys. J., 573, L111 2002
Zhang, B. & Harding, A. K. Astrophys. J., 535, L51 2000
This preprint was prepared with the AAS LATEX macros v5.2.
– 10 –
10−3 10−2 10−1 100 101
109
1010
1011
1012
1013
1014
1015
P (s)
B s
u
rf 
(G
au
ss
)
105 yrs106 yrs
108 yrs
0.0037 
0.002 
0.001 
0.0005 
0.0001 
−0.001
0.0028 
105 yrs
106 yrs
108 yrs
Deathline 
Equal age line in this model 
Evolutionary path 
Characteristic age 
Fig. 1.— All known isolated pulsars are shown in this figure. Filled circles are millisecond
and “regular” radio pulsars, open circles are AXPs, and diamonds are SGRs. The pulsars
with longer spin periods tend to have higher surface magnetic field, as inferred fromB ≈ 3.3×
1019
√
PP˙ . The dotted-line is the “death-line” for radio pulsars (Chen & Ruderman 1993).
The magnetic field evolution of pulsars are caused by the permanent changes to the spin-
down rates after glitches. Different solid lines denote different values of ∆P˙p
P˙
. The line for
∆P˙p
P˙
= 0.0037 is the evolutionary path of PSR B1757-24, calculated from equations (1), (2)
and (3). Assuming that all pulsars were born with the same initial surface magnetic field and
spin period, but different glitch properties, their different evolutionary paths are also shown
for different values of ∆P˙p
P˙
. Pulsars on the same dashed-lines have the same age as calculated
in our model, in contrast to the characteristic ages (dashed-dotted lines) of pulsars based
simply on their present day period and spin-down rate without taking into account of pulsar
glitches.
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Fig. 2.— Assuming the same initial condition, for given P and P˙ we can calculate the
pulsar’s age from equations (1), (2) and (3). Since the effect caused by the glitches is a
accumulated process, our model for pulsar’s age estimate is reliable only for pulsars older
than 105 years, but has considerable uncertainties for younger pulsars. The solid lines are
for the different values of P˙ .
